Despite the frequency and morbidity of venous thromboembolism (VTE) development after traumatic brain injury (TBI), no national standard of care exists to guide TBI caregivers for the use of prophylactic anticoagulation. Fears of iatrogenic propagation of intracranial hemorrhage patterns have led to a dearth of research in this field, and it is only relatively recently that studies dedicated to this question have been performed. These have generally been limited to retrospective and/or observational studies in which patients are classified in a binary fashion as having the presence or absence of intracranial blood. This methodology does not account for the fact that smaller injury patterns stabilize more rapidly, and thus may be able to safely tolerate earlier initiation of prophylactic anticoagulation than larger injury patterns. This review seeks to critically assess the literature on this question by examining the existing evidence on the safety and efficacy of pharmacologic VTE prophylaxis in the setting of elective craniotomy (as this is the closest model available from which to extrapolate) and after TBI. In doing so, we critique studies that approach TBI as a homogenous or a heterogenous study population. Finally, we propose our own theoretical protocol which stratifies patients into low, moderate, and high risk for the likelihood of natural progression of their hemorrhage pattern, and which allows one to tailor a unique VTE prophylaxis regimen to each individual arm.
Background
A pproximately 235,000 Americans are hospitalized every year with traumatic brain injury (TBI; Langlois et al., 2004) , and preventing the formation of blood clots in the extremities and clot migration to the lungs is an important yet controversial aspect of their care. In the absence of any intervention, 54% of civilian TBI patients will develop deep vein thrombosis (DVT) and/or pulmonary embolism (PE; Geerts et al.,1994) , and this striking figure is likely to be even higher for brain-injured soldiers due to their prolonged exposure to a hypoxic/hypobaric environment, and prolonged immobilized state during evacuation from the theater of injury to the continental U.S. This risk of DVT development after prolonged air transport has been best demonstrated in the civilian setting through a series of large randomized trials known as the Prevention of Venous Thrombosis in Long-Haul Flights (LONFLIT) series (Belcaro et al., 2001 (Belcaro et al., ,2002 (Belcaro et al., ,2003 (Belcaro et al., ,2004 Cesarone et al., 2003a Cesarone et al., ,2003b Scurr et al., 2001) . In the LONFLIT studies, subjects had bilateral lower extremity ultrasounds performed within 90 min of lift-off, and within 24 h of landing, after undergoing a nonstop commercial flight at least 7 h in duration. The rates of development of new DVTs were 4.5-10.3% in untreated high-risk subjects (Cesarone et al., 2003a; Belcaro et al., 2001 Belcaro et al., ,2003 Belcaro et al., ,2004 Scurr et al., 2001 ), 0-3.4% in untreated medium-risk subjects taking 7-to 8-h flights (Belcaro et al., 2002) , and 4.2-6% in untreated medium-risk subjects taking 11-to 12-h flights (Cesarone et al., 2003b) . Global evacuations taking 24 h or longer and potentially spanning three continents are routine for wounded warriors, highlighting their increased risk for DVT.
The development of venous thromboembolism (VTE) after TBI carries with it the potential for significant complications and morbidity. DVT can cause local extremity problems such as limb swelling, skin ulceration, venous incompetence, or thrombophlebitis. These sequelae can subsequently lead to post-thrombotic syndrome, which will develop in approximately 30% of all patients with DVT (Kahn et al., 2008) . Patients with mild post-thrombotic syndrome have been shown to have a quality of life that is poorer than patients of similar age with arthritis, chronic lung disease, or diabetes (Kahn et al., 2008) . If the post-thrombotic syndrome progresses to become severe, quality of life drops off to below levels seen Division of Burns/Trauma/Critical Care, Department of Surgery, University of Texas-Southwestern Medical Center, Dallas, Texas.
JOURNAL OF NEUROTRAUMA 29:1821-1828 ( July 1, 2012) ª Mary Ann Liebert, Inc. DOI: 10.1089 DOI: 10. /neu.2012 DOI: 10. .2459 in age-matched subjects with angina, cancer, and congestive heart failure (Kahn et al., 2008) . Of even more concern, however, is that even small PEs typically cause some degree of hypoxia. This complication has the potential to be disastrous, since even a single, transient episode of oxygen desaturation below 90% has been shown to be associated with a significant increase in mortality early after TBI (Chesnut et al., 1993) . If large, PE can cause hemodynamic instability, cardiac arrest, and sudden death. In short, VTE is a common problem seen after a common injury, and defining an optimal VTE prevention regimen after TBI has the potential to decrease morbidity for tens of thousands of patients annually.
The Controversy
Nationally, the centerpiece of VTE prevention strategies for non-brain-injured trauma patients is the initiation of the lowmolecular-weight heparin enoxaparin (30 mg subcutaneously every 12 h) at 24 h after injury due to strong Level I evidence demonstrating safety and efficacy for this practice (Geerts et al., 1996; Knudson et al., 1996) . Despite the centrality of enoxaparin's use in general trauma patients, however, the extension of its indications to include use in brain-injured subpopulations has been controversial, even in the face of the ubiquity of the problem of TBI, and the significant complications that arise from VTE formation. While enoxaparin's advantages as an effective, noninvasive method of decreasing VTE occurrence after trauma (Geerts et al., 1996; Knudson et al., 1996) are well documented, the administration of a lowdose anticoagulant to a patient with TBI has the potential to iatrogenically propagate intracranial hemorrhage and result in neurologic deterioration. Fear of this complication has historically caused reticence about the practice among TBI caregivers.
While this complication sounds disastrous, it is important to keep in mind that the hemorrhage patterns seen after TBI stabilize with time as they begin the healing process, and there is general agreement among TBI caregivers that low-dose anticoagulants are safe once this has occurred. However, this consensus that an early time period exists in which the risk for renewed bleeding in TBI patients is prohibitive for anticoagulant use, and a late time period exists during which the bleeding concern is negligible and anticoagulation is safe, has not been quantitatively translated into practice. National guidelines have not been useful on this point, as the Brain Trauma Foundation, which arguably promulgates the highest-quality evidence-based guidelines in the world for TBI care, simply states that anticoagulation should be used, but that inadequate evidence exists to make recommendations about timing (Bratton et al., 2007) . What would seem to be a simple decision to delay anticoagulant initiation in favor of certainty about intracranial stabilization is not such a simple choice, as VTE development is well known to be a timedependent phenomenon. The longer a caregiver chooses to wait to start an anticoagulant after TBI, the higher the likelihood that VTE will develop, and/or an invasive procedure for PE prevention will be considered via the placement of a prophylactic vena cava filter. These filters are expensive (the patient charge at Parkland is $7256), are associated with caval perforation (0-9%; Ferris et al., 1993; Greenfield et al., 1991; Simon et al., 1989) , and can migrate toward or into the chest (0-11%; Ferris et al., 1993; Messmer and Greenfield, 1985; Simon et al., 1989) . Additionally, descriptive studies have found acute DVT rates at the site of insertion of 9-33% (Greenfield et al., 1991; Mewissen et al., 1989; Pais et al., 1988) , while a trial that randomized subjects with proximal DVT to filter placement or anticoagulation saw significantly higher recurrent DVT rates in the filter arm at 2 years (20% versus 11%; Decousus et al., 1998) and 8 years (36 versus 28%; PREPIC Study Group, 2005) after placement, presumably due in part to the venous endothelial damage that occurs during insertion. Further, filters are usually left in permanently despite the fact that the longest mean follow-up for any of these devices is 9 years (Greenfield and Proctor, 1995; Langan et al., 1999; Patton et al., 1996; Phelan et al., 2009; Rogers et al., 1998) . As some patients can be expected to live far beyond this period, those receiving prophylactic filters incur an unknown lifetime risk of unforeseen complications. Taken together, these facts show why most TBI caregivers view the prophylactic vena cava filter as a last resort for patients who will require an excessively long period of intracranial stabilization before being eligible for anticoagulants. Clearly the consequences of delaying anticoagulant use are real.
The crux of the controversy over the use of anticoagulants for VTE prevention after TBI lies in the definitions of these time frames. Translating the qualitative consensus around ''early'' and ''late'' time points for the safety of anticoagulant use after TBI into quantitative guidelines will bring order to a process that to date has been largely driven by dogma.
Existing Evidence

Anticoagulation after elective neurosurgery
The perception of this research question as a high-risk endeavor has led to a limited number of studies on anticoagulant administration after TBI. The closest model for making inferences about anticoagulation after TBI is that of elective craniotomy. Extrapolation from this population to that of the brain-injured patient is especially tempting, given that a larger body of work has been done in that field. Seven randomized trials on the question of VTE prevention after elective craniotomy are available to guide practice. Randomized studies have demonstrated the efficacy (Cerrato et al., 1978) , and safety (Constantini et al., 2001) , of unfractionated heparin relative to placebo, low-molecular-weight heparins plus mechanical compression devices over compression devices alone (Agnelli et al., 1998; Nurmohamed et al., 1996) , and low-molecular-weight heparin versus placebo (Melon et al., 1991) , for VTE prevention. These results were not universal, as one randomized trial of low-molecular-weight heparin versus mechanical compression devices had to be stopped early due to excessive intracranial bleeding complications in the drug arm (Dickinson et al., 1998) . Additional data suggesting that the type of anticoagulant used seems to be less important exists, as a pilot trial randomizing subjects to unfractionated heparin or low-molecular-weight heparin failed to show a difference in either VTE prevention or intracranial bleeding complications (MacDonald et al., 2003) . Taken together, a recent meta-analysis calculated that for every 1000 patients undergoing craniotomy who receive pharmacologic VTE prophylaxis, 91 VTE events will be prevented, while 7 episodes of iatrogenic hemorrhage expansion will occur (Hamilton et al., 2011) . Unfortunately, the authors were not able to comment on the severity and clinical significance of these intracranial bleeding episodes.
While these data are helpful, they must be interpreted with consideration of its limitations for applicability to trauma patients. Most importantly, the hemorrhage control techniques that are the hallmark of an operative intervention are not present during the expectant management of a head injury. This would presumably put traumatic lesions at higher risk for spontaneous expansion. Additionally, all but one (MacDonald et al., 2003) of the randomized trials had VTE prevention as their primary end-point, and were therefore not powered to primarily assess worsening of intracranial hemorrhage rates. Finally, elective craniotomy patients are often at higher risk for VTE than trauma patients, as they often have preoperative malignancy, long-standing leg weakness, more advanced age, and longer operative procedures. These shortcomings all serve to limit the generalizability of these results to VTE prevention after TBI.
Anticoagulation after TBI as a homogenous population
The field of pharmacologic VTE prevention after TBI is a young one. Geerts' landmark 1996 randomized trial of enoxaparin versus unfractionated heparin after trauma excluded ''frank intracranial bleeding,'' but allowed contusions and petechial hemorrhages. These criteria resulted in only 13 patients with TBI being randomized (of 265 total subjects), with one experiencing progression (Geerts et al., 1996) . The next description of the practice was reported in the context of a 2000 validation study of VTE risk factors in 102 trauma patients, in which the authors described in passing that anticoagulation was started in 26 patients in whom some degree of intracranial blood was present without any instances of TBI worsening (Gearhart et al., 2000) . While the authors did not comment on the amount of blood present or on the timing of treatment initiation, this study was notable for its challenge to the standard at the time, which saw no role for pharmacologic prophylaxis in this setting. It would be another 2 years before the first report dedicated to this question would be published, when 76 patients with severe TBI were retrospectively examined for the incidence of progression after the initiation of unfractionated heparin for VTE prevention (Kim et al., 2002) . The timing of heparin initiation was arbitrarily dichotomized for the purpose of analysis at 72 h post-admission, and the authors found that there were no increases in intracranial bleeding complications between the early and late groups. Interestingly, equivalent rates of VTE development were also seen between the groups, although this was in part attributable to the fact that symptomatic criteria (which miss subclinical events) were used as a trigger for VTE testing.
The only interventional trial in this field followed, with a Turkish study from 2004 which randomized 120 subjects to enoxaparin 40 mg once a day or mechanical compression devices on the lower extremities (Kurtoglu et al., 2004) . Enthusiasm for the finding that the rates of worsening of intracranial hemorrhage were low and equivalent between the groups (1.6% in each) were tempered by the serious methodologic shortcomings of this trial with regard to TBI exacerbation, as the dose of enoxaparin used was not the standard of care for American trauma patients, and the actual timing of anticoagulant initiation was never clearly delineated. An additional problem with the study design contributed to the otherwise surprising finding of fatal PE rates of 3.3% in the compression arm and 6.6% in the anticoagulant arm, in that the use of enoxaparin alone as an intervention is not appropriate, since the standard of care is to use it in conjunction with mechanical compression devices. This study was important in one respect, however, in that it demonstrated that subjects or their surrogates would consent to what was perceived as a high-risk interventional trial in this area.
The only reports on this field over the next several years would be descriptive studies in 2007 (Cothren et al., 2007) and 2008 (Depew et al., 2008) . Cothren and colleagues published their experience with a new anticoagulant, dalteparin, and its safety and efficacy in VTE prevention in 743 polytrauma patients after its initiation a mean of 3.3 days after injury. TBI was not an exclusion criterion (an exception to the rule in most studies at the time of anticoagulation after trauma), and the authors mentioned in passing that none of the 174 subjects with intracranial hemorrhage had worsening of their bleeding (Cothren et al., 2007) . The generalizability of this study was limited by decreased compliance with the anticoagulation regimen in the sample (only 74%), a lack of reporting on the timing of dalteparin use for the TBI subgroup, and the fact that this low-molecular-weight heparin has not been adopted as a standard pharmacologic intervention for VTE prevention in non-brain-injured trauma patients. Similarly, the Depew group found TBI progression rates of 3%, whether anticoagulation with enoxaparin or unfractionated heparin was started before or after 72 h in 124 TBI patients, and nearly identical rates of VTE of 13% and 11%, respectively (Depew et al., 2008) . The exact times of anticoagulant initiation were not described, so it is impossible to say if they were close enough to have resulted in similar point estimates.
The importance of stability of the hemorrhage pattern prior to initiating anticoagulants was demonstrated in a 2010 report, which showed that TBI patients who had worsening of their hemorrhage patterns between their first and second CT scans (i.e., an unstable TBI pattern), followed by enoxaparin initiation had a 13-fold higher rate of continued hemorrhage progression (Levy et al., 2010) . Importantly, stable scan results were not found to be significantly associated with expansion of injury after enoxaparin initiation. This makes intuitive sense and factored heavily into our work in this area. Using stability of CT scan injury patterns as an inclusion criterion, a Canadian study reported on the safety and efficacy of enoxaparin versus dalteparin in 287 TBI patients with moderately to severely depressed levels of consciousness. After starting anticoagulation between 48 and 72 h after injury, identical symptomatic VTE rates of 7% were found between the groups (Dudley et al., 2010) . Additionally, only one symptomatic intracranial hemorrhage expansion was found in the entire cohort. By using decreased level of consciousness and not presence of hemorrhage as the main inclusion criterion, however, this study potentially skewed toward underestimation of the true expansion rate, as some of these subjects were enrolled despite not having intracranial bleeding.
In 2011, Koehler and associates reported on their experience with 669 TBI patients in whom enoxaparin was used (Koehler et al., 2011) . After defining early and late anticoagulation as before or after 72 h after injury, the authors reported no significant reductions in symptomatic VTE complications between the arms, and no differences in symptomatic hemorrhage expansion. By relying solely on clinical manifestations rather than performing scheduled screening to detect DVT, however, the authors surely underestimated the true incidence of thrombotic complications. In the same year, Minshall and colleagues retrospectively reviewed their institution's use of enoxaparin and unfractionated heparin for VTE prevention after TBI. While that report demonstrated that enoxaparin had significantly better protective effects against VTE and lower intracranial bleeding complications compared to unfractionated heparin, the heparin group also had significantly more severe brain injuries, making these results unsurprising (Minshall et al., 2011) . The importance of compliance with uninterrupted pharmacologic prophylaxis has recently been illustrated by the finding that VTE development after TBI was significantly associated not with the timing of anticoagulant administration, but rather with the completeness of the regimen. Salottolo and coworkers retrospectively showed that when anticoagulant administration was interrupted by as little as a single missed dose, a sevenfold increase in the odds of VTE development resulted (Salottolo et al., 2011) .
Two recent reports on the effectiveness of VTE prophylaxis after TBI have produced conflicting results despite large sample sizes. The Wisconsin group retrospectively examined 812 TBI patients, of whom 402 received anticoagulation at a mean of 94 h after injury with either enoxaparin or unfractionated heparin. The authors found that despite equivalent intracranial injury burdens and significantly higher overall injury severity, the anticoagulation group had a significantly lower VTE rate with a similar rate of intracranial hemorrhage progression (Scudday et al., 2011) . This stands in contrast to a retrospective study of 2000 TBI patients, which showed that TBI was associated with a three-to fourfold increase in the risk of VTE, regardless of the presence or timing of anticoagulation (Reiff et al., 2009 ).
Anticoagulation after TBI as a heterogenous population
A commonality of the studies to this point has been inclusion criteria that generally consist of the presence of intracranial blood alone. By choosing to study their TBI populations as homogenous groups in which intracranial hemorrhage was either present or absent, however, the researchers in this field have made important implicit concessions. Inherent in this methodologic construct is the idea that the risks for spontaneous progression and the times needed for stabilization of hemorrhage patterns are equivalent across all sizes and scopes of injury, and therefore that a single VTE prevention regimen can be crafted for all TBI patients. This is contrary to what is seen in clinical practice, however, as the association between increasing severity of intracranial injury and higher rates of spontaneous progression has been well documented (Beaumont et al., 2006; Bee et al., 2009; Chang et al., 2006; Chiergato et al., 2005; Park et al., 2009; Velmahos et al., 2006) . It is due to this systematic weakness in most studies on VTE prevention after TBI that the works of Berne and Norwood stand apart by virtue of their recognition that brain injury exists as a spectrum of disease. In recognizing this heterogeneity, they characterized a set of highly-specific injury patterns that merited a method of VTE prevention all their own (Norwood et al., 2001 (Norwood et al., ,2002 (Norwood et al., ,2008 . After defining these injuries (subdural or epidural hemorrhages thinner than 9 mm, parenchymal contusions smaller than 2 cm, and a single contusion per lobe), the authors demonstrated that patients with these small injury patterns, which were radiographically unchanged 24 h after injury, could have low-dose enoxaparin started with a subsequent TBI progression rate of 3.4%. Further, of the 525 subjects in their series, 10 of 18 TBI progressions occurred in patients with protocol violations, as enoxaparin was started within 20 h of admission. In those patients who did not get enoxaparin started until a full 24 h had elapsed after injury (and were thus per protocol), the progression rate was 1.8%, with only two patients requiring a change in their care beyond simply stopping the enoxaparin. Both rates were comparable to anticoagulant-naive historic controls, and Berne and Norwood argued that the benefits of early aggressive VTE prevention with enoxaparin balanced the very small risk of worsened TBI. While these works were important in their inherent recognition of (1) different injury patterns having different degrees of risk for spontaneous progression, and (2) the need for precise descriptions of eligible injury patterns to assist promulgation and adoption, they were not without their shortcomings. Most importantly, the authors did not attempt to elucidate management strategies for what constitutes the large majority of TBI patients, and the only controls were historical.
Future Directions
By now it should be clear that the binary dichotomization of brain injuries as present or absent, while methodologically simple, is lacking as a basis for generating guidelines for VTE prevention strategies. Additionally, while limited work has been done on a specific TBI subpopulation, no effort has been made to create recommendations that apply to the entire spectrum of injury seen in clinical practice. Such an effort will have to recognize that different levels of risk for spontaneous expansion of hemorrhage exist, and that the different time frames needed for stabilization of intracranial injury patterns across the entire spectrum of brain injuries will necessitate VTE prevention regimens that are tailored to each arm. A large part of this work will be elucidating the natural evolution of the brain injuries in each category, so that the absolute earliest time point for safe initiation of anticoagulants can be identified. Finally, once the risk categories and their individualized VTE prevention strategies are created, the efficacy of these recommendations will have to be demonstrated. The task is analogous to building a house on the edge of a cliff to take advantage of the view: the closer one gets to the edge, the greater the reward, but the consequences of going too far can be disastrous.
Our group has attempted to address these deficiencies through the creation of just such an algorithm, known as the ''Parkland Protocol'' (Fig. 1) . We began by modifying the original Berne-Norwood criteria to include patients with any amount of subarachnoid hemorrhage, with a normal CTangiogram or an area of intraventricular hemorrhage (IVH) less than 2 cm in size, and used these as the basis for an algorithm that categorizes patients by the likelihood of natural progression of their brain hemorrhage pattern. Patients meeting these modified Berne-Norwood criteria, and with stable CT scans at 24 h after injury, are considered to be lowrisk for spontaneous enlargement of their brain injury, while
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those not meeting the modified Berne-Norwood criteria are categorized as moderate-risk for spontaneous TBI progression. Patients undergoing a craniotomy or placement of an intracranial pressure monitor are categorized as high-risk for spontaneous TBI progression. After categorizing TBI by risk, the protocol then makes individualized recommendations for VTE prevention for each arm. The low-risk and moderate-risk arms (which roughly correspond with mild and moderate TBI), have recommendations for the timing of pharmacologic prophylaxis initiation. The high-risk arm (which corresponds with severe TBI) does not have a hard time point, and instead relies on daily reassessments of the risk:benefit ratio for starting anticoagulation, while considering the placement of a prophylactic vena cava filter.
We have completed a prospective study defining the natural history of the brain injuries in each of these arms (Phelan et al., in press [a] ), and are now turning our attention to examining the safety of our theoretical recommendations through a series of randomized trials known as the ''Delayed vs. Early Enoxaparin Prophylaxis (DEEP)'' studies (Phelan et al, in press [b] ).
Conclusion
While VTE prophylaxis after TBI is a common problem with the potential for considerable morbidity, no national standard of care for this practice exists, and research on it has generally been limited to retrospective and/or observational studies in which patients are dichotomized as having the presence or absence of intracranial blood. This approach seems counter-intuitive, as smaller injury patterns would seem to stabilize more rapidly, and potentially be eligible for different timing of pharmacologic prophylaxis than more severe injuries. In fact, this general approach has likely hindered the development and promulgation of clinically-useful guidelines. In contrast, our group has created the Parkland Protocol, which stratifies patients into low-risk, moderaterisk, and high-risk candidates for the likelihood of natural progression of their hemorrhage pattern. By creating these three tiers of brain injury and tailoring a unique prophylaxis regimen to each individual arm, one of the greatest obstacles to the generation of quality guidelines has been overcome. We are in the midst of a series of projects designed to assess the FIG. 1. The Parkland Protocol. This algorithm categorizes TBI patterns as low-risk, moderate-risk, or high-risk for spontaneous expansion, and tailors VTE prophylaxis to each type (TBI, traumatic brain injury; VTE, venous thromboembolism; ICP, intracranial pressure; CT, computed tomography). safety of the Parkland Protocol's recommendations, and in doing so we hope to define a best practice for VTE prophylaxis for those suffering TBI. 
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